ya

.
s LonLuamos

LA-UR-15-28555 (Accepted Manuscript)

The origin of infrasonic ionosphere oscillations over tropospheric
thunderstorms

Shao, Xuan-Min
Lay, Erin Hoffmann

Provided by the author(s) and the Los Alamos National Laboratory (2017-01-12).
To be published in: Journal of Geophysical Research: Space Physics
DOl to publisher's version: 10.1002/2015JA022118

Permalink to record: http:/permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-15-28555

Disclaimer:
Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.

eFIESEAFlCH LIBRARY



QAGU

Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE

10.1002/2015JA022118

Key Points:

« New technique to locate source of
infrasonic wave by using phase
difference of GPS-TEC measurements

« Sources located near thunderstorm
core but more likely related to
downdraft than to updraft

« Sources also located in stratiform
region, related to lightning and sprites
in and above the region

Correspondence to:
X.-M. Shao,
xshao@lanl.gov

Citation:

Shao, X.-M,, and E. H. Lay (2016), The
origin of infrasonic ionosphere
oscillations over tropospheric
thunderstorms, J. Geophys. Res. Space
Physics, 121, doi:10.1002/2015JA022118.

Received 3 NOV 2015
Accepted 14 JUN 2016
Accepted article online 16 JUN 2016

Published 2016. This article is a US
Government work and is in the public
domain in the United States of America.

The origin of infrasonic ionosphere oscillations
over tropospheric thunderstorms
Xuan-Min Shao" and Erin H. Lay"

1Space and Remote Sensing Group, Los Alamos National Laboratory, Los Alamos, New Mexico, USA

Abstract Thunderstorms have been observed to introduce infrasonic oscillations in the ionosphere, but it
is not clear what processes or which parts of the thunderstorm generate the oscillations. In this paper, we
present a new technique that uses an array of ground-based GPS total electron content (TEC) measurements
to locate the source of the infrasonic oscillations and compare the source locations with thunderstorm
features to understand the possible source mechanisms. The location technique utilizes instantaneous phase
differences between pairs of GPS-TEC measurements and an algorithm to best fit the measured and the
expected phase differences for assumed source positions and other related parameters. In this preliminary
study, the infrasound waves are assumed to propagate along simple geometric raypaths from the source to
the measurement locations to avoid extensive computations. The located sources are compared in time
and space with thunderstorm development and lightning activity. Sources are often found near the main
storm cells, but they are more likely related to the downdraft process than to the updraft process. The sources
are also commonly found in the convectively quiet stratiform regions behind active cells and are in good
coincidence with extensive lightning discharges and inferred high-altitude sprites discharges.

1. Introduction

Since the 1960s, infrasonic oscillations in the ionosphere have been observed in relation to thunderstorms
in the troposphere. The oscillations are typically sinusoidal in nature and have a relatively well-defined
frequency range between 3 and 17 mHz (with corresponding time periods of 5 and 1 min), with most of the
power in a narrower frequency band of 3-5mHz. These infrasonic oscillations have been detected in the
ionosphere’s F region (200-400 km) [e.g., Georges, 1968; Baker and Davies, 1969; Davies and Jones, 1971, 1973;
Georges, 1973; Prasad et al,, 1975; Raju et al, 1981; Sindelarova et al., 2009; Lay et al.,, 2013, 2015; Nishioka
et al,, 2013] as well as in the D region (80-100 km) [Pilger et al., 2013; Marshall and Snively, 2014], indicating
an extended upward infrasonic coupling from tropospheric thunderstorms into the ionosphere.

Most of the observed infrasonic oscillations were detected by examining the Doppler shift of radio signals
reflected off the ionosphere with ground-based transmitters and receivers. Oscillations detected with this
technique are sensitive to the variations of reflection height. For instance, high-frequency radio signals are
used to probe the F-layer height oscillations [e.g., Baker and Davies, 1969] and very low frequency (VLF) radio
signals are used to probe D-layer oscillations [Marshall and Snively, 2014].

By examining the total electron content (TEC) measurement from ground-based GPS receivers, Lay et al.
[2013] found a case of similar thunderstorm-related infrasonic oscillations (in addition to atmospheric gravity
wave variations) in the ionosphere. Following the case study, Lay et al. [2015] analyzed 3 months of continu-
ous GPS-TEC measurement over an area of 1200 km x 1200 km in the U.S. Great Plains and compared the TEC
measurements in space and time with thunderstorm activities observed by the National Weather Service’s
Next Generation Weather Radar (NEXRAD) network. This extended, statistical study showed unambiguously
that the majority of the infrasonic oscillations in the ionosphere over the Great Pains were related to thunder-
storms, with the exception of a few days in the entire 3 months, in which the oscillations were likely related to
high geomagnetic activity. Different than radio reflection techniques, GPS-TEC measures the integrated
electron density along the line of sight from ground GPS receivers to GPS satellites and the TEC oscillation
is therefore more sensitive to the density variation than to the height variation in the ionosphere.

From these observations, it is clear that thunderstorms can produce detectable infrasonic oscillations in the
ionosphere, and thunderstorms appear to be the dominant natural sources for such oscillations over
the Great Plains. However, it is not clear what specific processes in the thunderstorm are responsible for
the oscillations. Since the earliest findings, intense upward convection in thunderstorms has been considered
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Figure 1. lllustration of GPS-TEC infrasonic oscillations and the concept of
geolocation technique. (a) Example of raw TEC record. (b) TEC infrasonic
oscillations after detrending and band-pass filtering of the raw TEC records.
The black and red lines show measurements along the upper and lower
blue tracks in Figure 1e. (c) Instantaneous phase difference between the two
signals in Figure 1b. (d) lllustration of GPS-TEC measurements (red dashed
lines), effective ionosphere height (thick gray line), IPPs (black circles), and
infrasonic propagation paths (thin solid lines). (e) The long arcs show the IPP
tracks for ten GPS-TEC measurements, the colored straight lines show the
selected baselines for phase difference measurements, the black circles
filled with colors show the located source positions, and the corresponding
ellipses show the errors for the source positions. The colors in Figures 1b
and Te are synchronized to show the time sequence of the measurements.

as the source [e.g., Georges, 1973], but
the causal relation has not been con-
firmed. The most direct comparison
between the source of ionosphere oscil-
lations and thunderstorms was reported
by Davies and Jones [1973] by acoustic
ray-tracing based on the horizontal pro-
pagation velocity of the F region oscilla-
tions. This comparison indicated the
sources to be in the vicinity of thunder-
storms but could not relate the sources
to specific regions or processes of the
storms, apparently due to the quality of
the radar observations of thunderstorms
at the time. Recent modeling studies
[Walterscheid et al., 2003; Zettergren and
Snively, 2013, 2015; Snively, 2013] have
simulated a convection process in the
upper portion of the storms with an
energy disturbance in the upper tropo-
sphere on the order of minutes duration
and have shown that the resultant
infrasonic signals can propagate to iono-
spheric heights.

To understand the source-effect causal
relation and to examine the model
simulation, it is necessary to connect
the ionospheric oscillations to specific
regions/processes in the storms. In this
paper, we present a new technique to
locate the origins of the infrasonic oscilla-
tions based on differential phases among
an array of GPS-TEC measurements. The
source locations are then compared to
time-resolved, three-dimensional thun-
derstorm features observed by NEXRAD
and lightning activity observed by the
National Lightning Detection Network
(NLDN) and Oklahoma Lightning
Mapping Array (OK-LMA) to examine
the corresponding thunderstorm pro-
cesses that might be responsible for
the ionospheric oscillations.

2. TEC Data Preparation

The process for extracting the infrasonic
signal from raw GPS-TEC data has been
described previously in detail in Lay
et al. [2013, 2015]. This process is
demonstrated in Figures 1a and 1b for
a 2h TEC record. We first detrend the
raw TEC record (Figure 1a) by subtract-
ing its sixth-order polynomial fit to
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remove the offset and the slow background TEC changes. The detrended record is then band-pass filtered in
the frequency range of 3-5 mHz (3-5 min in time period) to retain the infrasonic oscillations (black curve in
Figure 1b). In this case, the peak-to-peak infrasonic oscillation magnitude reaches 0.2 total electron content
unit (TECU) (1 TECU =10"® el m™2) near 23:20 UTC, about 2% of the background TEC value.

Asin Lay et al.[2013, 2015], the TEC measurements in this study (e.g., Figures 1a and 1b) have been converted
to vertical TEC (VTEC) based on the satellite elevation angle viewed from the ground GPS receiver and the
effective height of the ionosphere (350 km) [Seemala and Valladares, 2011]. The VTEC measurement at any
given time is tagged with the corresponding position (latitude and longitude) of the ionosphere’s pierce
point (IPP). The IPP is defined as the location where the receiver-satellite path intercepts a given ionosphere
height, as illustrated in Figure 1d by the red dotted lines and the effective ionosphere layer. An ionospheric
height of 350 km was used in this study. The long arcs in Figure 1e show the IPP traces for 10 receiver-satellite
line of sight during a 2 h time period while the GPS satellites move across the sky.

3. Locating the Infrasonic Source With GPS-TEC Phase-Difference Measurements

Figure 1b shows the infrasonic TEC variations measured by two closely spaced GPS receivers during a 2 h time
period while the GPS satellite progresses across the sky. As expected, it is impossible to link these oscillations
affirmatively to any specific sources by examining only one or a few of such records. Fortunately, the
Continuously Operating Reference Station (CORS; http://geodesy.noaa.gov/CORS/) GPS network operated
by the National Oceanic and Atmospheric Administration has many tens of ground GPS receivers in the
U.S. Great Plains. Measurements from such an array offer a possibility to locate the sources. For an impulsive
and isolated disturbance, one could use the differences of time of arrival (DTOA) among an array of measure-
ments to geolocate the source [Park et al., 2011]. For continuous sinusoidal oscillations, as shown in Figure 1b,
it is difficult to time-correlate a specific part of the record from one measurement to the other, and the DTOA
approach is not feasible.

Here we present a new technique that utilizes the instantaneous phase differences among an array of
GPS-TEC measurements. The red dotted lines in Figure 1d illustrate a pair of spatially separated TEC measure-
ments, and the black dots show their IPPs. The two IPPs form a vector in space that is used as a baseline for
the phase difference measurement. The phase difference for a continuous wave is related to path difference
from the source to the IPPs in the ionosphere. However, due to the continuous movement of the GPS satellite,
the baseline vector changes continuously with time, such that the corresponding phase difference will
change accordingly with time for a stationary source. In addition, for IPPs within a few hundred kilometers
(comparable to the infrasound wavelength in the ionosphere) of a localized source the wave cannot be trea-
ted as a plane wave. These make it difficult to apply the conventional interferometry technique to determine
the direction of the source. Nevertheless, in the case that the wave might be assumed to be a plane wave,
Gbémez et al. [2015] developed a beamforming technique to compensate the convolved phase changes
due to the time-evolving geometric changes of the IPPs and were able to determine the direction of the
infrasound wave.

In this study, we measure the instantaneous phase difference at each time instant (each 30's, the CORS TEC
sampling rate) for the specific baseline vector at the time. The instantaneous phase ¢(t;) for each record is
computed by ¢(t) =tan™ "[H(s(t))/s(t)], where s(t;) is the original data record and H(s(t;) is the Hilbert trans-
formation of the original record. The instantaneous phase difference for the corresponding baseline is
obtained by d¢,:(t) = ¢a(t;) — ¢(t). In Figure 1b, the black curve shows a 2 h infrasonic TEC measurement
from one GPS receiver while its corresponding IPPs progress from (—105°, 38°) toward southeast (the upper
blue track in Figure Te), and the red curve in Figure 1b shows a similar measurement by another GPS receiver
along the lower blue track in Figure Te. Figure 1c shows the instantaneous phase differences at each data
point between the two measurements.

If there are enough spatially diversified baselines at a given time instant, and if the infrasonic wave is
detected by enough number of the baselines, it is possible to use the corresponding phase differences to
determine the source location at the specific time instant. To explore this idea, we assume simply that the
infrasound wave travels along geometric raypaths from the source to the IPPs (Figure 1d), same as that
assumed in Park et al. [2011]. This assumption is reasonable for nearby (a few hundred kilometer) GPS-TEC
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observations of a localized source because the wave propagating into the ionosphere can be approximated
by a spherical wave, as modeled by Walterscheid et al. [2003] and Zettergren and Snively [2015]. With this
assumption, the phase velocity (an effective velocity) will be assumed to be constant from the source to
the IPPs along the raypath. More realistic and thorough treatment of the wave propagation could be realized
by using infrasound ray-tracing or full-wave calculations from all the possible source locations to all the
disturbed regions in the ionosphere with considerations of more realistic infrasound velocity and wind field
profiles from ground to the ionosphere. Although feasible, the more thorough treatment would require
extensive computations and will be attempted in the future.

With the geometric raypath approach, we assume that the phase path lengths are d; and d, (Figure 1d), the
phase difference between the two IPPs can be expressed as

d2 — d1 d2 — d]
=2 =2
ddy, T L

where 1 is the effective wavelength of the infrasonic wave, v is the effective infrasonic phase velocity, T is the
time period of the signal (4 min in this study), and d; and d, are related to the source location (¢s, s, hs) and
the IPP locations (¢4, 83, h) and (&5, 85, h)). Here ¢ and 6 stand for the longitude and latitude, h; is the source
height, and h;=350km is the effective ionosphere height. To account for the spherical curvature of the Earth

M

and the ionosphere, we approximate the path length from the source to the ith IPP by d; = 1/ (h; — hs)2 + /,.2
where h;=350 km and J; is the spherical arc-length at 350 km altitude between (¢, 0, h) and (¢;, 8; h)). Based

on these assumptions, there are four independent unknown source parameters (¢, 0, hs, v) involved in
equation (1). To determine the four source parameters, four or more IPP baseline measurements are needed.

In this study, the values of the four parameters are determined by a least ¥ fit between the measured phase
differences and the estimated phase differences for a set of assumed source parameters. The reduced y? is
computed as

N -~ 2
; ([d qﬂ measured [dd)] estimated)n (2)

2
On

1
2
Am = E
where N is the total number of baselines, m=N — 4 is the degrees of freedom; and ¢, is the phase error
related to the nth baseline measurement.

Two main factors are considered to contribute to the phase error in the current study: (1) the finite digitiza-
tion rate of the GPS-TEC data and (2) the signal-to-noise ratio (SNR) of the TEC measurement. In this study,
the TEC data of CORS network are sampled every 305, and the infrasound signal is centered at 4 min time
period. So the phase error due to the digitization can be estimated by ogigir = 27/ (8\/ﬁ) [Oppenheim and
Schafer, 1999, page 196]. Due to the finite bandwidth (4 + 1 min), this phase error can be further increased
to ogigit = 27/ ((8v/12)(1 — 0.125)) = 0.26 radians (or 14.9°). The error of the phase difference related to
SNR follows a Gaussian distribution with sy = oyms//A1A2 [Thompson et al., 2001, page 193], where 6,ns
is the noise level for the infrasonic TEC data record (e.g., noise level in Figure 1b) and and A; and A, are
the instantaneous signal amplitudes measured by the two receivers that form the specific baseline. GPS-
TEC measurements are accurate to 0.01-0.1 TECU [Burrell et al., 2009], and we assume g,ns=0.03 TECU for
the infrasonic frequencies in this study. Since the errors related to digitization and SNR are independent of
each other, o} in equation (2) can be expressed as a7, = 65 + Téyg-

There are other possible error sources that are not included in the current study. First, the background wind
field from the ground to the ionosphere would affect the infrasound propagation speed and direction.
Horizontal wind profile based on the empirical model HWMO7 [Drob et al., 2008] suggests a maximum wind
speed of 40-60m/s from the ground to the ionosphere over the time and area for this study, which
corresponds to about 13% and 4% of the infrasound propagation speed in the troposphere and iono-
sphere. To take this into account, a thorough ray-tracing or full-wave treatment of the infrasound propaga-
tion is needed. Nevertheless, since our IPPs and baselines are typically situated in a variety of different
horizontal directions to the source (Figure 1e), and since the source position will be best fitted with these
directionally diversified measurements, the effect of the horizontal wind on our fitted source position
would be minimized.
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The other source of error might be due to the ionospheric plasma coupling to the neutral wave [Georges and
Hooke, 1970; Gémez et al., 2015]. However, for a typical observational geometry in this study and by using the
equations in Georges and Hooke [1970] and Gémez et al. [2015] a small phase offset of 1-3° between two IPPs
was estimated. Furthermore, recent observations [Nishioka et al., 2013] and more realistic simulations
[Zettergren and Snively, 2015] for infrasonic TEC oscillations in the low-latitude and midlatitude regions do
not show detectable phase offset related to this effect.

To use the phase difference technique, we need to consider possible phase ambiguity effects. For a baseline
that is longer than a wavelength, the actual phase difference could be greater than 2= if the wave propagates
along the baseline from one IPP to the next. However, the measureable phase difference is limited in a 2n
range (Figure 1c). To avoid this possible ambiguity, the baseline must be shorter than the infrasonic wave-
length. The propagation speed of infrasound in the ionosphere’s F region is about 1 km/s [e.g., Davies and
Jones, 1973; Nishioka et al., 2013; Zettergren and Snively, 2015]. For signals in the 3-5 min time period, the
corresponding wavelengths are about 180-300 km. In this study we limit the baselines to be shorter
than 200 km by selecting the proper pairs among the spatially distributed measurements. The long arcs
(black and blue) in Figure 1e show the IPP tracks for 10 GPS-TEC measurements during 22:00-24:00 UTC
on 16 June 2005. The seven arcs that progress from northwest to southeast are associated with seven GPS
receivers (nmsf, p036, p034, p035, azcn, p028, and zab?2) tracking the same satellite PRNO1, and the three arcs
from southwest to northeast are associated with three receivers (nmro, p035, and p034) tracking another
satellite PRN25. At each time instant (30 s apart), up to nine baselines are selected among the ten IPPs and
the four source parameters at the corresponding time instant are estimated by minimizing equation (2).
The thin colored straight lines in Figure Te that connect the IPP tracks show the selected baselines as the
IPPs progress across the ionosphere. The colors for the baselines indicate the time sequence, as correspond-
ingly shown at the top of Figure 1b. Figure 1e shows only the baselines at the times when “good” source
locations are found but not all the baselines during the 2 h time period, as will be further discussed.

The black circles in Figure 1e show the ground projection of the source locations (longitudes and latitudes)
for those that are successfully located by the technique. The circles are filled with the same sequence of col-
ors to indicate the time of the sources (Figure 1b) and to associate with the baselines (Figure 1e) that are used
for the geolocation. The small oscillations seen in Figure 1b just past 22:30 UTC (black) are located in an area
near (—102.8° 37.5°) in Figure 1e, and the oscillations between 23:15 to 23:45 UTC (green to red in Figures 1b
and 1e) are associated with a much more extended source region. The oscillations between 22:40 and
23:15 UTC in Figure 1b were not successfully located by this technique, probably due to strong interferences
among multiple sources.

To examine the errors associated with the best fitted source parameters (¢, 65, h,, and v), we compute the
4 x 4 error matrix that estimates the variance for each fitted parameter and the co-variance for each pair of
the parameters [Bevington and Robinson, 1992]. Figures 2a-2d show the values of the four fitted parameters
and their variances for the selected good sources (Figure 1e). The black dots in each plot are the best fitted
values, and the colored vertical lines show the corresponding variances. The same time sequence of colors is
used here as that in Figures 1b and 1e for the purpose of comparison.

The heights for many sources are fitted to some large, nonphysical negative values (hundreds of kilometers
below ground), and some (near and after 23:30 UTC) even to negative thousands of kilometers that are off the
plot scale. This can be explained by the nature of the infrasound propagation from the troposphere to the
ionosphere. For IPPs that are far from the source, the wave would be viewed to propagate dominantly
horizontally as if the source was high in the ionosphere. For IPPs that are vertically above the source, the
source would be viewed to be nearly infinitely far under the IPPs, due to a flatter wavefront in the vertical
direction. Therefore, the source height determined by this technique depends on the positions of the base-
lines and can only be considered as a “virtual” height. For instance, when all the baselines are far from the
source (greater than ~200 km in horizontal distance, the green baselines in Figure 1e), the source heights
are determined to be in the ionosphere (around 200 km altitude; Figure 2c). As some of the baselines move
closer to the top of the source, the virtual height starts to decrease (e.g., green to yellow in Figures 1e and 2c)
and may even become negative values (yellow to red in Figures 1e and 2c).

The fitted propagation velocity changes accordingly with the source height. For the sources marked with
the green colors the velocity was determined to be around 1km/s (Figure 2d), in good agreement with
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Figure 2. (a-d) Black dots: best fitted source longitude, latitude, height, and propagation speed, respectively. Colored bars:
variance for the best fitted parameters. The colors are synchronized with those in Figure 1. (e-h): Correlation coefficients
between four chosen pairs of the best fitted parameters.

infrasound phase velocity in the ionosphere. For sources with lower virtual heights (baselines closer to
directly above the source) the velocity decreases, as the velocity is more determined by the troposphere-
mesosphere infrasound velocity (~0.3 km/s).

The behavior of the height and velocity leads us to examine the cross correlations among the four fitted
source parameters (¢, 05, h,, and v). Figures 2e-2h show the correlation coefficients for four of the total of
six pairs based on ¢ = afj/aiaj, where g is the covariance between the ith and the jth parameters and o;
and g; are the variances for the two parameters. Figure 2f shows that the correlation coefficients for (hy, v)
are high (close to +1) for most of the selected sources. The high coefficients indicate that to vary h, near the
minimum y2, (equation (2)), the value for v has to be adjusted accordingly to maintain the minimum 2. The
high correlation coefficients for this pair explain the similar behavior in Figures 2c and 2d. Figure 2e shows that
the correlation between ¢, and 0, the horizontal position of the source, are high as well (mostly above 0.5),
showing that a proper pair of (¢, 6;) needs to be found to best fit the measurements. On the other hand,
correlations for (¢, v) and (6;, v) are relatively weak (Figures 2g and 2h), mostly within |+0.6|. Similar weak cor-
relations are found for (¢, h) and (6, h) and are not shown here. These weak correlations indicate that the fitted
horizontal position (¢, ;) is less sensitive to the fitted velocity and height. Therefore, a good two-dimensional
horizontal source position might be viable even if the height and velocity are not entirely physical.

In this study, to select a good located source, we require (1) 2 < 2, (2) the mean of the signal amplitudes
VAA, over all the participating baselines to be greater than 0.01 TECU, and (3) the half major axis of the error
ellipse in (¢, 6,) plane to be less than 0.7°. The error ellipse for each source location is computed from the
variances and covariance of ¢, and 6, which indicate that the source has a 68% of probability to be within
the ellipse for the best fit ted hs and v.

4. Comparison of Source Locations With Thunderstorm Activity

NEXRAD provides thunderstorm observations across the continental U.S. and provides a complete 3-D volu-
metric scan of the storms every 5 min. Figure 3 overlays the infrasound source positions (longitudes, latitudes;
white circles in the plots) for the time period of 23:15-23:45 UTC (Figure 1) on the horizontal cross sections of
the radar reflectivity measurement. The strength of the radar reflectivity, which is related to the intensity of
the storm, is represented by the colored contours, in a range from 0 to 60 dBZ. The height for the horizontal
cross sections is chosen to be 7 km above the ground.
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Figure 3. Overlay of the located infrasound sources (white circles) with NEXRAD radar reflectivity at 7 km altitude (filled
colored contours). The magenta ellipses show error estimates for locations. (a) For the oscillation time interval of
23:15-23:25 UTC of Figure 1, radar reflectivity was chosen 10-15 min prior to the infrasound oscillation (23:02-23:06) to
account for the infrasound propagation time from troposphere to the ionosphere. The red triangles show +CGs with
peak current great than 70 kA at the expected source time. The white square shows a tornado location that occurred
~40 min later. (b) Same as Figure 3a but for the time interval of 23:25-23:45 UTC. The white square marks a tornado that
occurred at 23:25 UTC, about 10-15 min later than the estimated infrasound source time.

Figure 3a compares the first group of the extended sources during 23:15-23:25 UTC (from green to yellow
colors in Figure 1) with the radar reflectivity obtained in a 5 min interval between 23:02 and 23:07 UTC. We
choose the radar observation at this earlier time to account for the infrasonic propagation time of
10-15 min from the troposphere to the ionosphere. To our surprise, this group of infrasound sources is
coincident with the stratiform region of the storm, which commonly has weak convection. This appears to
suggest that these sources are not related to the convective activity of the storm, contrary to our expectations.

On the other hand, the next group of sources during 23:25-23:45 UTC (from orange to red colors in Figure 1)
is mostly associated with intense convective cells, as shown in Figure 3b. To highlight the intensity of the left-
most storm cell, a black contour is used to enclose the region in which the reflectivity is greater than 50 dBZ.
The sources around this intense storm cell are apparently related to the intense convection, as would have
been expected. Although the position errors (purple ellipses in the plots) are too large to compare the
sources to the storm structure in more detail, it is intriguing to note that a number of the sources are posi-
tioned along the edge of the storm.

It should be noted that although the source positions appear to progress in time (Figure 1e), it is not neces-
sarily true that the sources actually do so. For instance, for a spatially extended but temporally impulsive
source, the signal from the source nearest to the measurements will arrive earliest in time and the signal from
the farthest will arrive later, due to the finite infrasound propagation speed (~300 m/s in the upper tropo-
sphere). This delay in arrival time for a spatially extended but temporally instantaneous source could appear
as a temporally progressing source.

Figure 3 suggests that there are at least two different regions in the thunderstorm that are responsible for the
ionospheric infrasound oscillations. We have analyzed 5 days of GPS-TEC data and found in these case studies
that the infrasound sources were related both to strong convection cells and to convectively quiet stratiform
regions. In the following, we present some examples with more detailed analysis.

4.1. Infrasonic Sources Near Storm’s Convection Core

To understand the relationship between sources and convective thunderstorm cells, we start with the group
of localized sources in Figure 1 that were detected around 22:35 UTC. As shown in Figure 4, these sources are
found to be associated with a small (about 10 km wide), short-lasting (<1 h life time), isolated storm. Figure 4a
is a replica of the black curve in Figure 1b that shows TEC variations for the selected sources for this storm
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(between the red dashed lines) The sources were
located next to and behind the convective core
of the storm, as shown in Figure 4b. Taking into
account of 10-15min infrasonic propagation
time from the troposphere to the corresponding
IPPs in the ionosphere, the responsible sources
are expected to occur at about 22:20-22:25 UTC.

Figures 4c-4h show a sequence of vertical radar
cross sections sliced through the most intense
reflectivity region of the storm to examine its
vertical development prior to and near the time
of the infrasonic sources. The black line in
Figure 4a shows the location of this vertical slice
on the horizontal plane. From 22:01 to 22:14 UTC
(Figures 4c-4e) the storm was at its cumulus
stage that continuously developed upward and
appeared to overshoot the tropopause (~12km
altitude) by 22:14 (Figure 4e). After that, the
storm reached it mature stage with a strong pre-
cipitation core (>45 dBZ) and the core started to
descend (Figures 4f-4h). During the mature
stage, the cloud top is expected to remain tall
above the tropopause due to the sustained
strong updraft in the upper part of the storm,
as shown by the minimum detectable reflectivity
(5dB2Z) in Figures 4f-4h. The descending of the
precipitation core in Figures 4f-4qg is due to either
a weakening updraft below the core or the growth
of the hydrometeor size in the core, as shown by
Kingsmill and Wakimoto [1991] who studied a very
similar storm in a great detail with simultaneous
four-Doppler radar observations.

Comparing the estimated infrasonic source time
with the radar observation sequence, the
sources are found to be related to the mature
stage of the storm, specifically to that in Figures
4g and 4h. This result is consistent with the
hypothesis that the thunderstorm-related iono-
spheric infrasonic oscillations are associated with
the storm’s intense convection. However, it is
noticed in Figure 4b that the sources are system-

Figure 4. Comparison of infrasound sources and the
development of a small, isolated storm. (a) TEC
oscillations in a 2 h time period. Oscillations between
the red dashed lines are related to this storm.

(b) Horizontal overlay of the sources (white circles with
magenta error ellipses) and the radar reflectivity (filled
colored contours). (c-h) Sequence of vertical radar
cross sections sliced from left to right through the
black straight line in Figure 4b. Infrasound sources are
related to the mature stage of the storm shown in
Figures 4g and 4h, but not related to the upward
development stage in earlier times.
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atically located behind the convection core away
from the tallest part of the cloud. This could be
due to the source location errors or may other-
wise suggest a different source mechanism.
Although NEXRAD does not provide enough
information to reveal the full dynamics of the
storm, the four-Doppler radar observation and
the corresponding detailed analysis of a similar
storm in Kingsmill and Wakimoto [1991] show an
intense (>12m/s) midlevel (6-12km altitude)
downdraft region just behind the intense updraft
core during the mature stage of the storm. In their
storm, the midlevel downdraft (MLD) was sustained
for about 3-5 min. In fact, MLD is observed to be a
common and important feature in thunderstorm
development and is observed to occur at the proxi-
mity of the updraft core or at the edge of the cloud
and is also called cloud-edge downdraft [eg,
Knupp, 19871. If our storm in Figure 4 behaves simi-
larly to that of the Kingsmill and Wakimoto's, it is
worthy to point out the apparent coincidence in
space and time between MLD and the infrasound
source, suggesting that the ionospheric infrasound
in this case is more likely originated from the MLD
than from the upward convection core.

Figure 5 shows the infrasound signal (Figure 5a) and
the source locations (Figure 5b) related to a tornadic
supercell thunderstorm that occurred on 4 June
2005 near Marlow, Oklahoma. Figure 5a shows a
2h record of infrasonic TEC oscillations during
which time the selected IPPs progress over the
storms. The infrasound sources for the oscillations
between the two dotted red lines from 23:06 to
23:21 are shown in Figure 5b. Sources for the oscilla-
tion burst prior to 23:00 were located at the south-
east edge of the smaller cell at the upper right
corner of the plot (not shown).

This supercell is one of the major storm cells
along an extended line of storms that span from
Texas to Nebraska, a typical mesoscale system in

Figure 5. Infrasonic sources related to a tornadic
supercell. (@) A 2 h infrasonic TEC record shows the
oscillations while the GPS-TEC measurements progress
near the storm. (b) Overlay of the source positions dur-
ing the time between the dashed red lines in Figure 5a
and the radar reflectivity. The white square marks the
tornado that occurred at 22:57 UTC. (c-h) Sequence of
vertical radar reflectivity cross section sliced from lower
left to upper right along the black line in Figure 5b,
showing the vertical development of the supercell. The
black dashed line tracks the main cell. The time for the
sources is expected to be between that of Figures 5g
and 5h, while the precipitation core is descending.
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the U.S. Great Plains (http://gis.ncdc.noaa.
gov/map/viewer/#app=cdo&cfg=radar&the-
me=radar&display=nexrad). The supercell
spawned a tornado at (—98.2°, 34.6°) at
22:57 UTC, as marked by the white square
in Figure 5b (http://www.spc.noaa.gov/climo/
reports/050604_rpts.html). Figure 5b overlays
the source positions on the horizontal cross sec-
tion of the radar reflectivity at 7 km altitude at
the time of the tornado, which is coincident
temporally with the occurrence of the infra-
sound sources, about 10-15min prior to the
start of the TEC oscillation burst in the iono-
sphere. It is interesting to see that the sources
are located behind the tornado and the intense
precipitation/convection core of the storm.
Although the location errors (purple ellipses)
are large, it is interesting to note that many of
the sources were located along the edge of
the 45dBZ radar reflectivity contour, similar
to the features observed in Figure 3b that show
the sources tend to follow preferred reflectivity
contours near the edge of the storm. The rest
of the sources in Figure 5b extend from the back
of the core and are coincident with a weaker
reflectivity region. For a well-developed tornadic
supercell storm, a major midlevel downdraft
region exists behind the main updraft core and
is named forward flank downdraft (FFD) [e.g.,
Lemon and Doswell, 1979]. The infrasound
source positions in Figure 5b are in coincidence
with this FFD region, similar to the infrasound
source/MLD region coincidence found in the
small storm in Figure 4.

Figures 5¢-5h show a selected time sequence
of the vertical cross sections sliced along the
black line in Figure 5b, during the time prior
to and near the time of the detected iono-
spheric infrasound oscillations. The dashed line
across Figures 5c-5h tracks the same main
storm cell through its development. As shown
by the vertical cross sections, this supercell
was so intense that its cloud top overshot the
tropopause (~12km) and reached above
18km (the vertical limit of NEXRAD measure-
ments) more than 30 min before the detection

Figure 6. Same as Figure 5 but for another tornadic
storm. (a) TEC oscillations. (b) Horizonal overlay. (c-h)
Sequence of vertical cross sections from left to rigth
through the black line in Figure 6b. The time for the
infrasound sources is expected to be between the

times of Figures 6g and 6h, while the precipitation

core is descending, similar to that of Figures 4 and 5.
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of the ionospheric oscillations. The infrasound sources
are related to the storm stage between Figures 5g
and 5h (22:48-23:00) when the precipitation core starts
to descend, similar to that of the small storm in Figure 4.
These comparisons of infrasound sources with storm
development appears to suggest that ionospheric infra-
sound oscillations are more likely related to the storm
downdraft than to the updraft or the tornado.

Figure 6 presents another example of supercell-related
infrasound observations. Figure 6a is a replica of the
black curve in Figure 1b to show the TEC variations
related to this storm (between the red dashed lines),
and Figure 6b is a replica of Figure 3b to compare with
the storm'’s vertical development (Figures 6c-6h). The
leftmost storm cell in Figure 6b spawned a tornado, at
about 23:25 UTC and near (—100.1°, 36.9°) at the south
edge of the cell, as marked by the white square (http://
www.spc.noaa.gov/climo/reports/050616_rpts.html).
The infrasound sources related to this cell appear to
surround the core of the cell along the 55 dBZ reflectiv-
ity contour. The rest of the sources appear to follow the
cloud edge of the other cell just behind the tornadic
cell. Figures 6¢-6h show the time sequence of vertical
cross sections of these two adjacent cells prior to
and near the time of ionospheric oscillation (23:25-
23:45 UTG; Figure 6a). The black line in Figure 6b shows
the horizontal location of this vertical slice. Similar to
that presented in Figure 5, the tornadic cell has an
intense vertical development and its top reached
above 18 km well over 30 min before the related oscilla-
tions were detected (Figures 6¢-6f). Accounting for the
infrasound propagation time (10-15 min), the sources
are expected to occur at the times of Figures 6g and
6h when the storm’s main precipitation core starts to
descend, at the same storm stage as in Figures 4 and 5.

The cell to the right in Figure 6 also reached over 18 km
altitude long before the detection of the infrasonic
oscillation, and its main precipitation core started to
descend at about the same time as that of the left cell
(Figures 6g and 6h). The sources that are related to
this cell are located at the south edge of the cell
(Figure 6b). Although it is not clear what storm pro-
cess would be responsible for these sources, it has

Figure 7. Comparison of infrasound sources with radar and
lightning observations in the stratiform region behind the
mesoscale storm. (a) TEC oscillation record. Sources for this
comparison occurred between the red dashed lines. (b) Radar
reflectivity and source positions. (c and d) Overlay two
extensive +CGs that occurred at the estimated infrasound
source time. The red triangles show the ground-stroke loca-
tions for the +CGs, and the gray dots show the corresponding
discharges inside the stratiform cloud. (e) The vertical cross
section from left to right through the white line in Figure 7b.
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been observed that downdraft commonly occurs at
the edge of the cloud, the so-called “cloud-edge
downdraft” [e.g., Knupp and Cotton, 1985; Knupp,
1987; Detwiler and Heymsfield, 19871].

4.2. Infrasonic Sources in Thunderstorm'’s
Stratiform Regions

Although infrasound sources are expected to be
related to the dynamically active regions of thunder-
storms, we also often locate the sources in the strati-
form regions of mesoscale and supercell storms.
Figure 7 shows such an observation. This is the same
mesoscale thunderstorm system on 4 June 2005 that
contains the tornadic supercell discussed earlier in
Figure 5. Here we examine the infrasonic TEC oscilla-
tions that occurred later in time between the red
dashed lines in Figure 7a. Figure 7b overlays the
located infrasound sources on a horizontal cross sec-
tion of the mesoscale system at 7km altitude. The
radar reflectivity is chosen 10-15 min before the start
of this oscillation burst (23:40-23:45 UTC). As shown
in Figures 7b and 7e (a vertical cross section through
the white line in Figure 7b), an extensive stratiform
region, greater than 100 x 100 km in area, had devel-
oped behind the line of convective cells at this stage
of the mesoscale storm, and the related infrasound
sources are located in this region.

The stratiform region typically has little convective
activity, although some moderate precipitation-
related downdrafts can occur in some parts of the
region. On the other hand, horizontally extensive,
large-magnitude lightning discharges are observed
frequently in this region, either within the cloud as
intracloud (IC) lightning discharges or to the ground
as cloud-to-ground (CG) discharges. Figures 7c¢ and
7d overlay two positive CGs (+CG) that occurred
between 23:42 to 23:44, about 10 min before the start
of the related infrasonic oscillations. Positive CGs
transport positive charge from cloud to ground and
are a dominant type of lightning discharge in the stra-
tiform regions of mesoscale, supercell, and severe
storms. The red triangles indicate the ground-stroke
locations of the two +CGs detected by the National
Lightning Detection Network (NLDN) [Cummins et al.,
1998], and the gray dots show the corresponding
in-cloud source locations located by the OK-LMA
(http://www.nssl.noaa.gov/tools/oklma/) [Rison et al.,
1999]. Each +CG lasts about 1-2s, and the peak cur-
rent for both of the ground strokes is greater than

Figure 8. (a—e) Same as Figure 7 but for a different storm (7
June 2005). In Figure 8c gray dots show an extensive in-cloud
discharge. Not ground stroke was detected for this discharge.
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70kA. The horizontal extent and the magnitude of the ground-stroke peak current suggest that each +CG
would be capable of initiating mesospheric sprites discharges atop the lightning discharge regions
[Cummer and Lyons, 2005]. Sprites are electric discharges extending from the bottom of the ionosphere
(~90 km altitude) to the top of the thunderstorm [Sentman et al.,, 1995] and are triggered by strong electric
field disturbances generated by the underlying lightning discharges in large stratiform regions [e.g., Pasko
et al, 1996; Lyons et al,, 2008]. The good location coincidence between the infrasonic sources and the
lightning discharge regions hints that the ionospheric oscillations could be related to the underlying light-
ning discharges or the consequent sprites atop the lightning discharges.

Figure 8 shows a similar observation of a mesoscale storm on 17 June 2005. The infrasonic sources are asso-
ciated with ionospheric oscillations between 03:30 and 03:34 UTC (between the red dashed lines in Figure 8a)
and are located in the stratiform region (Figure 8b). Sources for an extensive IC and an extensive and intense
+CG (>70 kA peak current) that occurred at 03:20:53 and 03:23:26 are overlaid in Figures 8c and 8d. Similar to
the previous case, the infrasonic source locations are coincident with the lightning discharge areas, suggest-
ing the ionospheric oscillations might be related to the lightning discharges or to the consequent sprites.

Figures 8c and 8d also show numerous lightning discharges in the convective cells in the lower portion of the
plots. However, these lightning discharges are much smaller in horizontal extent and are not likely to initiate
sprites discharges.

Likewise in Figure 3a, the infrasound sources are similarly located in the stratiform region behind the
supercell. In this case, three intense +CGs were reported (red triangles) on the backside of the cell during
the estimated infrasonic source time period. Unfortunately, since this storm is too far from OK-LMA, no
in-cloud lightning sources were located. Nevertheless, +CGs in such a storm commonly propagate away
from the ground-stroke point into the stratiform region and discharge a great portion of the stratiform
region, as shown in Figures 7c and 7d. Therefore, it is reasonable to infer that some or the combination of
the three +CGs discharged the region where the infrasound sources were located, similar to the cases in
Figures 7 and 8.

The observations in Figures 7, 8, and 3a suggest that in addition to the dynamic processes in the storm,
extensive lightning discharges and their consequent mesospheric discharges (sprites) could be related to
the infrasonic oscillations in the ionosphere. Lightning discharges produce acoustic signals in the audible fre-
quencies (peaked around 50 Hz) [e.g., Holmes et al., 1971] and in the infrasonic frequencies (a few tenths to a
few hertz) [e.g., Holmes et al., 1971; Few, 1985; Chum et al., 2013]. The audible frequency signals are produced
by abrupt heating and expansion of the lightning channels, and the infrasound signals are believed to be
produced by the lightning-induced change in electrostatic field that leads to a sudden pressure change in
the charged regions in the cloud. The concept of infrasound induced by the electrostatic effect was first intro-
duced by Wilson [1920] and was later developed analytically by Dessler [1973] and others [e.g., Few, 1985;
Pasko, 2009]. With typical charge structures and spatial scales in a thunderstorm, Dessler predicted that the
infrasound signals would be radiated at frequencies between 0.2 and 2 Hz, as observed by Holmes et al.
[1971] and later by Farges and Blanc [2010] and Chum et al. [2013] with ground-based microbarometers. In
addition, infrasound signals in the frequency range of 0.1-10 Hz have been recently observed from sprites
with similar ground-based sensors [Farges et al., 2005; Farges and Blanc, 2010].

Due to background noise (wind), it is difficult to detect infrasound signals below 0.01 Hz on the ground, and
therefore, it is difficult to compare the existent ground observations with the 3-5 min (3-5 mHz) ionospheric
oscillations presented in this paper. Nevertheless, it is possible that lightning and sprites radiate over a
broader frequency spectrum that spreads down to the mHz range and are responsible for ionospheric
oscillations. Signals at higher frequencies (e.g. greater than 10 mHz) would be significantly attenuated
at the lower boundary of the ionosphere due to the sharp increase of temperature at the lower boundary
[Walterscheid et al., 2003], and therefore cannot be detected in the ionosphere. Because of these different
ranges of sensitivity, ground and ionospheric observations are complementary in frequency for infrasound
detection.

Nevertheless, it is also possible that the ionospheric oscillations in Figures 7, 8, and 3a are solely related to the
inferred sprites discharges atop the stratiform regions. Sprites can extend 40-70 km downward from the bot-
tom of the ionosphere, and in cases of horizontally extensive +CGs, multiple sprites are commonly triggered
by the same lightning discharge. These sprites occur laterally in the mesosphere, following the horizontal
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development of the underlying lightning channels (private communication with Dr. Mark Stanley). Such a
sprite system would discharge a large volume of the mesosphere in the scale of tens of kilometer along each
side of the volume. Using L =60 km for the 1-D scale and a characteristic time period calculation based on
Dessler [1973], the characteristic infrasound time period produced by the electrostatic effect induced by
the sprites would be L/v=60x 10%/300 =200, where v is the sound speed in the mesosphere. This inferred
infrasound time period is in a surprisingly good agreement with the oscillation period observed in the iono-
sphere, suggesting that sprites could be the source for the ionospheric infrasonic oscillation.

5. Discussion

In this paper, we present a new technique that locates the source of ionospheric infrasound oscillations by
using an array of ground-based GPS-TEC measurements. The technique uses the instantaneous phase differ-
ences between pairs of spatially separated TEC measurements and a least y? fit to best fit the phase-difference
measurements with assumed source position, source height, and the effective infrasound propagation speed.
We discussed the variances associated with the four fitted source parameters and the co-variances between
the six pairs of the four parameters, and discussed their implications on the best fitted parameters. It is found
that the source height estimated by this technique can only be treated as a virtual height, and the propagation
speed can only be considered as an “effective” speed due to the nature of the infrasound propagation from tro-
posphere to the ionosphere and the simple geometric raypath assumption for infrasound wave propagation.
However, it is found that the horizontal source position is less sensitive to the height and speed and can be
trusted if a good %2 fit is archived and other additional criterial are met.

This paper reports the first attempt to use the instantaneous phase difference in infrasonic TEC oscillations to
locate the responsive sources, and the technique can be improved in many aspects. We note that several fac-
tors affect the location accuracy and the usefulness of this technique: (1) the signal strength, (2) the number
of the GPS-TEC measurements, (3) the geometry of the baselines formed by the IPPs as relative to the source
location, and (4) the phase accuracy of the measurement. Among these, the phase accuracy can be improved
by using the GPS-TEC data that are sampled at 1 s time interval instead of the now 30 s interval. The finer sam-
pling is available in recent TEC measurements for many operating GPS receivers, but the data are not
archived regularly for later analyses. Another limitation in this preliminary study is the assumption of a single
source at each time instant (every 305s), which will not result in a good geolocation if multiple, interfering
sources are present at the same time. For instance, some of the oscillations in Figure 1c (around 23:00) and
Figure 5a (around 23:40) were not located by the current approach. However, with enough spatially sepa-
rated GPS-TEC measurements, it would be possible to “image” multiple sources at the same time. Further
development is needed to achieve this capability.

In this study, we assume that the infrasound signal propagates along geometric raypaths from the source to
the IPPs and that is part of the reason for our best fitted source height being unphysical in many cases, even
though the 2-D source position appears not being affected. In the future, we plan to implement a more rea-
listic ray-tracing calculation in our approach that will take into account of the infrasound velocity profile and
the wind field profile from the ground to the ionosphere. To do so, we will need to consider the entire region
and depth of the disturbed ionosphere to include the integrated TEC variation effect along the line of sight
from the GPS receiver to the satellite, to assure its accuracy. This more accurate approach will require more
extensive computation but should be feasible.

Using this location technique, we have examined 5days of infrasonic TEC measurements over the Great
Plains when severe thunderstorms occurred in the area. We find that the sources are often located near
the storms’ core region, but they are equally often located in the storms’ stratiform region. In this paper
we compared the infrasound sources in time and space with the thunderstorms’ vertical development and
the stratiform-region lightning discharges for a few selected cases. For sources near the core region, we
found that the sources are more likely related to the downdraft than to the updraft process in the storm.
This is specifically supported by the analysis of the small, isolated storm in Figure 4, where the sources are
coincident in time and space with an inferred midlevel downdraft at the mature stage of the storm but are
not coincident with the upward development at the cumulous stage. Observations of the more complicated
supercell, tornadic storms in Figures 5 and 6 appear to be consistent with those of the small storm in terms of
the relation between source time and location and the development of the cells. Nevertheless, it is not clear
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to the authors why the 3-5 min period infrasound appears to be preferably related to the downdraft than to
the updraft. Furthermore, with the location uncertainty and the limited analysis, we cannot rule out other
processes near the storm core that might be responsible for the infrasound oscillations.

Since the storms’ stratiform region is typically quiet in convection, we compared the infrasound sources in
this region with the common horizontally extensive and intense lightning discharges (Figures 7, 8, and 3a).
The good correlation between infrasound source and lightning discharges suggests that the corresponding
ionospheric oscillations could be related to lightning discharges in this region. Furthermore, extensive light-
ning discharges (either +CG or in-cloud discharge) in this region are known to commonly initiate sprites
(high-altitude mesospheric discharges). Based on Dessler's [1973] electrostatic theory and given the spatial
scale of the sprites, it is found that sprites would produce the infrasound oscillations at the same frequency
range (3-5 mHz) as those detected in the ionosphere, and therefore, sprite discharges are more likely to be
the sources for such oscillations than lightning itself.
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